GaAsP alloys are potential candidates for ϳ1.5 to 1.8 eV photovoltaic converters in multijunction solar cells. We use thermally stimulated capacitance, deep level transient spectroscopy, and photocapacitance to characterize defects in p-type GaAs 0.83 P 0.17 and GaAs 0.72 P 0.28 grown lattice-mismatched on GaAs substrates. We observe several features typically associated with DX centers, including persistent photocapacitance, nonexponential thermally-activated capture and escape transients, and large Stokes shifts for optical thresholds. We use secondary ion mass spectroscopy and capacitance versus voltage measurements to ascertain the sulfur and zinc doping profiles in the n + / p diodes. The dramatic decrease in the effective doping concentration with temperature in the unilluminated GaAs 0.72 P 0.28 diode and the magnitude of the capacitance change with illumination indicate that the defect concentration is comparable to the zinc doping, suggesting that zinc may facilitate the formation of AX complexes in this alloy.
I. INTRODUCTION
Technological improvement of the conversion efficiency in state-of-the-art, ultrahigh efficiency solar cells may depend, in part, on the development and refinement of highband-gap alloys that can be grown on GaAs substrates. The band gap in alloys like GaAsP can be tuned to match design parameters that capitalize on the power available in the highenergy portion of the solar spectrum. However, the atomic spacing in GaAsP differs from that of the underlying GaAs, so a higher concentration of crystalline defects is expected in epitaxial GaAsP layers. These defects impair solar cell performance by trapping photoexcited charge carriers and providing new pathways for the carriers to recombine rather than generate electricity.
An important type of defect in n-type III-V alloys, including GaAs͑1−x͒P͑x͒, 1 is the DX center. Characteristic features of this donor complex include thermally-activated nonexponential capture and escape transients into and out of the traps and augmented optical escape thresholds. These features are explained by lattice relaxation during the capture process, which produces a momentum-dependent energetic barrier to the occupied state. 2 Since photons carry little momentum relative to phonons, the optical energy required for escape can be much larger than the thermal threshold. It has also been shown theoretically that acceptors in large-band gap p-type semiconductors can form similar complexes ͑AX centers͒, but the theoretical work has focused on II-VI semiconductors, [3] [4] [5] and the experimental evidence for these centers is sparse. AX behavior has been reported in Mgdoped p-type GaN. 6 We report herein evidence for AX centers in Zn-doped GaAs͑1−x͒P͑x͒, which becomes more pronounced as band-gap crossover ͑from the ⌫ to X conduction band minimum͒ is approached with increasing x. We note that band-gap crossover also plays an important role in the formation of DX centers in this alloy. 7 Our observation of similar behavior in Zn-doped Ga 0.58 In 0.42 P on GaAs will be reported elsewhere. 
II. DEVICE DETAILS
Because electrons have higher mobility, the collection efficiency of photoexcited minority carriers is augmented in n+ / p solar cells, where the majority of the light is absorbed in the lightly-doped p-type base. We use temperature-and illumination-dependent capacitance measurements to characterize defects in Zn-doped GaAs͑x͒P͑1−x͒ grown on GaAs, where a step grade is used between the substrate and the diode to reduce the concentration of lattice defects in the active layer of the device.
The GaInP/GaAsP heterostructures were grown by atmospheric-pressure metalorganic vapor-phase epitaxy on semi-insulating GaAs substrates oriented ͑100͒ 2°toward ͗110͘. The multilayer heterostructures were grown in a continuous sequence at 700°C in a hydrogen ambient. The GaAsP compositionally step-graded layers were grown using trimethylgallium, arsine, and phosphine as the primary precursors, and diethylzinc ͑DEZ͒ as the p-doping precursor. During the growth of the graded layer in the xϭ0.28 structure, the vapor-phase ͓V͔/͓III͔ increased from ϳ4 at the beginning to ϳ16 at the end as the P mole fraction was increased. The nϩ/p GaAsP diode was grown atop the graded layer using the same precursors and growth conditions as those used for the final step of the graded layer, with DEZ for p-type doping and hydrogen sulfide for n-type doping. GaInP minority-carrier confinement layers, included on either side of the GaAsP diode, were grown using triethylgallium, trimethylindium, and phosphine, with DEZ for p-type doping, hydrogen sulfide for n-type doping, and a vapor-phase ͓V͔/͓III͔ of ϳ60. The final n-GaAsP cap layer, used for facilitating the top contact to the diode, was doped heavily with sulfur.
The diode structure in the two test systems is shown in Fig. 1 and secondary ion mass spectroscopy ͑SIMS͒ measurements of the S and Zn concentrations in the x = 0.28 device are shown in Fig. 2 . Since GaAs standards are used for the SIMS relative sensitivity factors, the quantification of S and Zn in our GaAsP diodes may be somewhat inaccurate, but the deduced Zn concentrations are consistent with those obtained via capacitance versus voltage ͑CV͒ measurements. All devices have an active area of 0.040 cm 2 .
III. EXPERIMENTAL RESULTS
We use a Boonton 7200 capacitance meter with a 1 MHz test signal for all capacitance measurements. Temperaturedependent data from the GaAs 0.72 P 0.28 diode before and after broadband optical illumination are shown in Fig. 3 . The precipitous decrease in capacitance with decreasing temperature beginning near 150 K is due to the capture of holes into defect-related traps at the edge of the depletion region, which necessitates an expansion of the space-charge zone. The magnitude of the capacitance reduction indicates that the trap concentration is comparable to the zinc doping. When the diode is illuminated with broadband light, the holes are optically activated out of the traps and the capacitance returns to a level that is consistent with the more systematically reduced room temperature result. The low-temperature photocapacitance is persistent, meaning that the capacitance will maintain this elevated level even when the illumination is removed. Persistent photocapacitance at low temperature is an unambiguous sign that an energetic barrier is obstructing thermal capture.
CV measurements on the cold ͑90 K͒ diode before and after illumination indicate that the depletion width doubles ͑from about 0.5 to 1.0 m near zero bias͒ and the effective doping concentration is reduced by a factor of five ͑from ϳ1.5ϫ 10 16 to ϳ3 ϫ 10 15 cm −3 near zero bias͒ in the cold, unilluminated state. We use a linearly-extrapolated dielectric constant of 12.35 for computing these concentrations in the GaAs 0.72 P 0.28 . In one-sided abrupt junctions, the depletion width is proportional to the square root of the doping concentration, but the SIMS data ͑Fig. 2͒ shows sulfur diffusion into the base, which results in compensation and a more graded junction. However, since the grading is much steeper on the heavily-doped n-side, capacitance changes are dominated by changes in depletion on the lightly-doped p-side and we use a one-sided junction treatment in our concentration calculations. Figure 3 also shows how the dark capacitance changes with temperature after broadband illumination. We observe a decrease in capacitance with increasing temperature between 100 and 125 K as thermally activated capture repopulates the traps. Above 125 K, thermally activated escape ensues and the capacitance rises back to its nominal level.
This interpretation of the photocapacitance results is supported by complementary deep level transient spectroscopy ͑DLTS͒ measurements. We apply square waves, alter- nating between Ϫ10 and Ϫ1 V with 80 and 800 ms periods, to monitor the hole capture and escape. The nonexponential response is another signature of local lattice reconfiguration during the capture and escape processes. 10 An Arrhenius plot of the stretched exponential rates k for capture and escape are shown in Fig. 5 . For the escape analysis, a fixed amplitude A, and stretching parameter d = 0.33 were used. We used the same d for the capture analysis, but we found that a linearly decreasing amplitude with temperature was required to obtain good fits. It is interesting to note that the deduced capture rates are slower than the escape rates for these traps. This nonintuitive result may be due to the large electric field that is present during the high reverse bias escape measurement. Figure 6 shows how the photocapacitance response depends on the energy of the incident light. For these measurements, we use a 20 W tungsten halogen lamp coupled to an Optometrics grating monochromator, which produces approximately 0.1 mW of optical power with a full-width halfmaximum bandwidth of approximately 10 nm. A longpass filter with a cut-on wavelength of 950 nm is used to remove any second order diffraction from the grating. Referring to Fig. 6 , we note that when the energy of the light is reduced, the optical escape rate decreases as expected, but the transient amplitude is also reduced. In particular, the faster component of the signal is quenched at lower energies. Since the rate and amplitude of the response depend strongly on the photon energy, we do not obtain a unique optical activation energy in this system. The reduced amplitude with decreasing energy indicates that holes in some traps are not optically activated by the lower energy light.
IV. MODEL
Our thermally-stimulated capacitance and DLTS measurements can be explained by an occupation-dependent lat- tice configuration model like the one shown in Fig. 7 . Since our monochromatic photocapacitance results imply that the defects in our device have a range of optical activation energies, we add a distribution of defect level energies to the more conventional DX center picture 11 as shown. For a given defect level, the optical cross-section ͑which controls the optical escape rate͒ depends on the energy of the incident light. Low energy light can only facilitate escape from the highest energy levels in the distribution, and the optical cross-section for this transition will be small. High energy light will activate escape from the full distribution of levels. And since the energy of this light will be well above the activation threshold for the highest energy defect levels, the optical crosssection for these transitions will be large. The cross-section decreases for lower levels where the optical energy approaches the activation threshold.
V. CONCLUSION
We have performed a variety of capacitance-based measurements on Zn-doped GaAs͑x͒P͑1−x͒ grown on GaAs.
We observe a host of features that are usually associated with defect complexes having an occupation-dependent configuration. The magnitude of the capacitance change in the more phosphorous-rich alloy ͑GaAs 0.72 P 0.28 ͒ shows that the trap concentration is nearly as large as the zinc doping, suggesting that the zinc is playing a role in the formation of these defects. While donor-related configurational electron traps ͑i.e., DX centers͒ have received a great deal of attention in the literature, we find little discussion of their counterpart in p-type material, namely, acceptor-related configurational hole traps. But if our interpretation involving AX centers is correct, device engineers may benefit from considering other elements for p-type doping in GaAsP/GaAs structures, particularly at high phosphorous concentration. 
